The Rat Genome Database (RGD, http://rgd.mcw.edu) provides the most comprehensive data repository and informatics platform related to the laboratory rat, one of the most important model organisms for disease studies. RGD maintains and updates datasets for genomic elements such as genes, transcripts and increasingly in recent years, sequence variations, as well as map positions for multiple assemblies and sequence information. Functional annotations for genomic elements are curated from published literature, submitted by researchers and integrated from other public resources. Complementing the genomic data catalogs are those associated with phenotypes and disease, including strains, QTL and experimental phenotype measurements across hundreds of strains. Data are submitted by researchers, acquired through bulk data pipelines or curated from published literature. Innovative software tools provide users with an integrated platform to query, mine, display and analyze valuable genomic and phenomic datasets for discovery and enhancement of their own research. This update highlights recent developments that reflect an increasing focus on: (i) genomic variation, (ii) phenotypes and diseases, (iii) data related to the environment and experimental conditions and (iv) datasets and software tools that allow the user to explore and analyze the interactions among these and their impact on disease.
INTRODUCTION
The Rat Genome Database (RGD) has been the premier resource for rat genetic, genomic and phenotypic data since its creation in 1999. The rat is an important animal model for pharmacology, toxicology, physiology and pathology (1) . Because of the rat's utility in diverse studies and its use in studying human disease, RGD has continued to attract increasing numbers of clinical and model organism researchers; in the past year, RGD recorded nearly 125 000 users from 188 countries and territories. While RGD remains dedicated to validating, cataloging and assigning official nomenclature to rat genomic elements, it also incorporates mouse and human genes, quantitative trait loci (QTL) and simple sequence length polymorphisms (SSLPs) both in reports and genome tools for its diverse community of users (Table 1) . Individual rat, mouse and human Genome Browsers are maintained and updated with new assemblies in each organism and syntenic tracks on the browsers allow users to move between organisms with a single click.
Much of the value that RGD offers its users can be found in the functional information annotated to genomic elements. Functional annotations are acquired through both manual curation of literature and automated data pipelines that import manual annotations from other sources (2) . This combined approach allows RGD to provide a comprehensive functional profile of the genome ( Table 2) . The large number of rat strains created through inbreeding and genome manipulation provide researchers with a wide variety of models for their specific area of research (Table 3) and RGD maintains comprehensive strain reports including information on origin, source and associated QTL. This resource has increased in value as strain-specific phenotypic and genomic profiles have been generated in the past several years as described below. RGD's multiple innovative software tools and resources, including multiple Genome Genes  53 345  47 975  36 393  Protein coding genes  29 682  30 493  19 599  Pseudogenes  14 061  10 531  9366  Transcripts  108 875  93 031  98 691  QTL  2163  4045  1911  SSLPs  50 467  80 692  321 013 Since in some cases gene records are based on assembly-specific gene predictions, the total number of gene records is higher than the per-assembly count of genes.
Figure 1.
Variant details available on the Genome Browser. RGD's Rat Genome Browser (GBrowse) contains tracks for a variety of genomic elements, including genes, QTL, congenic strains, markers and strain-specific variants. Informative popups for the latter display information about the type, location and predicted consequences of each variant, as well as information pertaining to the sequence data supporting that variant call.
Browsers (3, 4) , Disease Portals (4,5), Ontology Browser (6), PhenoMiner (7, 8) and Pathway Portal (9,10) make it an extensive research platform and provide navigation among multiple data types and opportunities for data analysis.
GENOMIC VARIATION

Variation data
RGD has expanded its capacity to accommodate the everincreasing amount of data generated by researchers using next-generation sequencing technologies and has incorporated copy number variations, single nucleotide polymorphisms (SNPs), indels and mutations into its reports and tools. To provide timely access to strain-specific variants generated from whole genome sequencing (WGS) projects, RGD developed a pipeline for data submitted by researchers for display on its Genome Browser and to date this has resulted in 40 single nucleotide variation (SNV) tracks, nine indel tracks, a copy number variation track and tracks for variation data from dbSNP (11) Figure S1 ). Adjustments to QTL and strain reports and the creation of SNP report pages accommodate the increasing use of SNPs as posi- tion markers for identification of QTL and the generation of congenic strains. With the development of new genomic modification technologies for the rat, the numbers of congenic, mutant and transgenic strains have grown rapidly.
Variant Visualizer
PHENOTYPES AND DISEASES
PhenoMiner
An important part of translational research involves connecting genetic variation to variations in phenotype. The availability of multiple strains exhibiting a wide range of phenotypes makes the rat an ideal model for such studies. While the incorporation of strain-specific variations into multiple tools at RGD has provided users with the means to create genomic profiles for individual strains, the PhenoMiner project is a companion initiative to integrate phenotype measurement data from multiple experiments to provide both a comprehensive view of phenotype variation across strains and profiles for individual strains (8) . RGD uses multiple ontologies to standardize these data for integration, including the Rat Strain Ontology (14) , Clinical Measurement Ontology, Measurement Method Ontology and Experimental Condition Ontology (7, 15) . These ontologies, along with other fields, provide the ability to specify (i) sample information: strain, sex, sample number, age, (ii) measurement information: what was measured, value, units, average type, standard error, standard deviation, (iii) method information: method type, site of measurement, duration of measurement, insult type and post insult time, (iv) conditions under which the measurement was taken: condition type, value and units, application type, ordinality to indicate simultaneous and sequential conditions. Data are incorporated from large-scale phenotyping projects such as the PhysGen Program for Genomic Applications (16) and the National BioResource Project (NBRP) for rat in Japan (17) , curated from the literature and directly submitted by researchers. A recent curation initiative resulted in the integration of all phenotype measurement data in published rat QTL papers. PhenoMiner currently has over 50 000 records covering measurements across the physiological and morphological spectrums ( Figure 4A ). Users can build queries beginning with strains, clinical measurements, measurement methods or experimental conditions to provide filtering for the specific set of records desired. The user-friendly interface presents options based on previous choices so that for example, when strains are chosen, the user is only presented with the clinical measurement options for which records are available for those strains. Results from the query are presented in several forms. Bar charts are presented for each clinical measurement chosen ( Figure 4B ) and users can further customize this view by deleting bars or removing results based on strain, experimental conditions or measurement methods or by age or sex. Downloadable tables for all records returned also give the user options for sorting data by various parameters. Individual strain report pages provide a summary of clinical measurement records available for that strain with direct links to the bar charts and downloadable tables at PhenoMiner.
Annotations and portals
RGD has continued its disease focus through targeted curation initiatives and Disease Portals (2,5). Disease areas are identified and prioritized by the number of related rat publications, funded grants and the interests of the rat research community and funding agencies. There are currently nine portals for renal diseases, cancer, cardiovascular diseases, diabetes, obesity and metabolic syndrome, respiratory diseases, neurological diseases, immune and inflammatory diseases, and diseases of the sensory organs. The portals include data related to the diseases of interest including genes, QTL and strains, pathways, and biological processes. Disease association annotations are created through manual curation as well as data imports from OMIM (18), the Genetic Association Database (19) and ClinVar (20) . The Ontology Browser (6) also provides easy access to diseaserelated genes, QTL and strains with reports illustrating positions across the genome, links to the Genome Browser, or GBrowse, and data download options. Report pages such as those for genes have both quick lists of associated diseases and table views (Supplementary Figure S2) , with human gene reports providing information on individual variants (see Supplementary Figure S1 ). Disease track options in the Genome Browser allow users to access and filter genes within a regional view by disease association.
ENVIRONMENT AND EXPERIMENTAL CONDITIONS
As the rat is widely used in pharmacology and toxicology studies, RGD has focused on the acquisition of data of importance to these research communities. As part of the PhenoMiner project described above, nearly 10 000 phenotype measurement records were added in which drugs, chemicals or radiation were part of the experimental conditions. As a complement to such phenotype data, over 2.4 million chemical-gene and drug-gene interaction annotations were imported from the Comparative Toxicogenomics Database for rat, human and mouse genes (21) using the Chemical Entities of Biological Interest (ChEBI) ontology to standardize annotations (22) . Gene-drug/chemical tracks on the Genome Browser provide additional access to these data and allow users to filter genes within a region by type of gene-drug/chemical interaction. Using the Ontology Browser or keyword search, a search retrieves a report detailing genes, QTL and phenotype measurement records associated with that drug or chemical. The focus on environment and experimental conditions has also extended to the pathway portal at RGD (9,10) with expansions of regulatory and drug pathway diagram pages. These include those related to hypoxia, stress response, titanium dioxide nanoparticle response and toxic response to drugs such as acetaminophen and cisplatin ( Figure 5) . RGD also provides an expanding set of pharmacokinetic and pharmacodynamics pathways for drugs used to control diabetes, cardiovascular diseases and cancer. These and all
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pathway diagrams are manually built using the research literature for context and the Pathway Studio software from Elsevier for graphics; the diagram pages are created using a web application tool built at RGD (9,10).
INTERACTIONS AMONG VARIATIONS IN GENOME, PHENOTYPE AND ENVIRONMENT
The increasing availability of genomic, phenotype and environmental variation data at RGD led us to develop several projects designed to illustrate and analyze the interactions among these data types.
QTL
As part of the effort to integrate phenotype measurement data from QTL literature, all QTLs were re-annotated with ontologies to standardize strain, trait (23) , clinical measurement, measurement method and experimental condition and provide direct links to experimental data generated as part of the QTL experiment. These annotations on the QTL reports provide direct links to the respective ontology report pages providing users with easy access to related data. A link to a strain ontology report page returns a list of QTL in which the strain was used as well as related strains and substrains and their QTL. The ontology reports linked to clinical measurement, measurement methods and experimental conditions also provide details on related QTL, strains and phenotype records providing the user with easy navigation between data types. The QTL search was modified to include ontology searches, allowing the user to search and filter by strain and related strains, vertebrate trait, measurement type and method and experimental condition. The QTL report provides details on genes, markers and other QTL within the region with download functions and links to individual reports. The gene list can be easily input into the Variant Visualizer to view variants of interest between the two strains used in the experiment.
GViewer
RGD's Genome Viewer (GViewer) provides a genome-wide view of mapped genomic elements such as genes, QTL and congenic strains related to simple and complex ontology searches. Users can also layer on additional data returned from their initial searches using data types or ontology terms. With the re-annotation of QTL using ontologies for strain, trait and experimental data and the inclusion of gene-drug/chemical interactions in RGD, users can now create Boolean searches with terms from the following: Gene Ontology (24), MEDIC disease vocabulary (25) , NeuroBehavioral Ontology (26), Mammalian Phenotype Ontology (27) , Pathway Ontology, Clinical Measurement Ontology, Measurement Method Ontology, Experimental Condition Ontology, Vertebrate Trait Ontology and ChEBI. This provides another connection between genomic elements, phenotypes and experimental data. For example, users can easily see genes and QTL associated with particular diseases, phenotypes and specific drugs or chemicals.
Gene Annotator
The Gene Annotator or GA Tool is a one-stop functional analysis tool for rat, human and mouse genes. For any of the three organisms, users can upload a list of common identifiers from RGD, EntrezGene, GenBank, Ensembl and Affymetrix or search by a chromosomal region or functional ontology identifiers to retrieve comprehensive reports for each gene. The output (Figure 6, top left) 
SOFTWARE IMPLEMENTATION AND DATA ACCESS
All tools mentioned are built in-house by RGD developers except GBrowse (28) . RGD tools are built on J2EE technologies (http://java.sun.com/j2ee/overview.html) and driven off the RGD Oracle database. The tools can be run on any Java container that implements the Java Servlet and JSP (JavaServer Pages) specification. The popular Spring (29) framework's MVC (model-view-controller) architecture streamlines the application web development. The user interface relies heavily on Ajax and Javascript along with CSS (Cascading Style Sheets). Supported browsers include Internet Explorer, Firefox, Chrome and Safari.
An important avenue for RGD data access is the FTP site (ftp://rgd.mcw.edu/pub/). All of the data found on the RGD website can be downloaded in bulk from the FTP site. Files available for download include descriptive information for genes, QTL and strains, functional gene annotations, SSLPs, SNPs, ontology term files and more. Bulk 
DISCUSSION
RGD continues to acquire, curate and integrate data of critical importance to disease research communities. These include datasets associated with the interacting factors in disease processes--genomic variation, environment, molecular pathways and the resulting phenotypes that define disease. Increasing emphasis on the development of tools that integrate, analyze and visualize multiple types of data from rat, human and mouse studies has made RGD a comprehensive research platform for disease and cross-species investigations.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online. 
